HLA class I-mediated selection of immune escape mutations in functionally important Gag epitopes may partly explain slower disease progression in HIV-1-infected individuals with protective HLA alleles. To investigate the impact of Gag function on disease progression, the replication capacities of viruses encoding
Gag-protease from 60 individuals in early HIV-1 subtype C infection were assayed in an HIV-1-inducible green fluorescent protein reporter cell line and were correlated with subsequent disease progression. Replication capacities did not correlate with viral load set points (P ‫؍‬ 0.37) but were significantly lower in individuals with below-median viral load set points (P ‫؍‬ 0.03), and there was a trend of correlation between lower replication capacities and lower rates of CD4 decline (P ‫؍‬ 0.09). Overall, the proportion of host HLA-specific Gag polymorphisms in or adjacent to epitopes was negatively associated with replication capacities (P ‫؍‬ 0.04), but host HLA-B-specific polymorphisms were associated with higher viral load set points (P ‫؍‬ 0.01). Further, polymorphisms associated with host-specific protective HLA alleles were linked with higher viral load set points (P ‫؍‬ 0.03). These data suggest that transmission or early HLA-driven selection of Gag polymorphisms results in reduced early cytotoxic T-lymphocyte (CTL) responses and higher viral load set points. In support of the former, 46% of individuals with nonprotective alleles harbored a Gag polymorphism exclusively associated with a protective HLA allele, indicating a high rate of their transmission in sub-Saharan Africa. Overall, HIV disease progression is likely to be affected by the ability to mount effective Gag CTL responses as well as the replication capacity of the transmitted virus.
Understanding immune determinants of the rate of progression to AIDS in HIV-1-infected individuals is critical to vaccine research. Host and viral factors may influence disease progression (reviewed in references 13 and 30) . It is well known that the host HLA class I profile is an important factor determining clinical outcome (9, 16, 35) although the mechanisms are not fully understood.
The protective effect of certain HLA class I alleles may at least be partially explained by viral attenuation due to escape mutations arising in Gag epitopes targeted by these alleles. Fitness costs have been individually demonstrated for some of the Gag mutations associated with protective HLA alleles (4, 11, 26, 41) , and HIV-1 Gag-protease isolated from acutely (3) and chronically infected patients with protective HLA alleles showed reduced function (28, 49) .
The extent to which reduced Gag function, and thereby lowered viral replication capacity, impacts HIV-1 disease progression requires further investigation. In chronically infected individuals the number of reverting mutations in Gag associated with HLA-B alleles correlated with viral load (27) , and in acute infection the numbers of HLA-B-associated HIV-1 Gag mutations in viruses transmitted to HLA-mismatched recipients correlated negatively with viral load set points (17) , both indirectly suggesting that Gag mutations with a fitness cost have clinical impact. Studies directly investigating the impact of replication capacity of the early virus as a function of Gag on subsequent disease progression have shown that in HLA-B*57/ 5801-positive individuals in whom there is viral control, there is reduced fitness of viruses encoding the whole patient-derived Gag p24 or specific Gag mutations associated with these alleles (11, 36) . Despite reduced viral replication capacity, in HLA-B*57/5801-positive individuals followed up for long periods, there was eventual loss of relative viral control with the pro-gressive development of Gag mutations and attenuation due to simultaneous loss of effective cytotoxic T-lymphocyte (CTL) responses (11) . Long-term benefit of reduced viral replication capacity was demonstrated in HLA-mismatched infant recipients of a virus with HLA-B*57/5801-associated Gag escape mutations with few or no compensatory mutations (36) , and benefit was similarly shown for at least 1 year in HLA-mismatched adult recipients (10) ; however, in other studies reversion events resulted in restored fitness and loss of viral control in HLA-B*57/5801-negative recipients of such a virus (11, 42) . A more recent study showed reduced viral replication capacity attributed to protease drug resistance mutations and B*57/ 5801-associated mutations in Gag in HIV-1 subtype B acutely infected individuals of various HLA profiles who subsequently became long-term HIV-1 controllers (29) .
We previously showed that the replication capacities of Gagprotease recombinant viruses derived from HIV-1 subtype B and C chronic infections correlated with viral loads and CD4 cell counts in a cross-sectional analysis (3, 49) but not with subsequent rate of CD4 cell decline in subtype C chronic infection (49) . In the present study, we tested whether the Gag-protease-mediated replication capacity of viruses in early infection could impact subsequent disease progression in HIV-1 subtype C-infected individuals who were within a similar period postinfection and whether it could also explain differences in the range of disease progression rates in subjects who were neither elite nor viremic controllers. The replication capacities of viruses encoding Gag-protease from 60 individuals were assayed in an HIV-1-inducible green fluorescent protein (GFP) reporter cell line (5) and were correlated with subsequent viral load set points and rates of CD4 decline. Since few studies have measured replication capacity longitudinally, we also assessed differences in Gag-protease-mediated replication capacity over 1 year in conjunction with viral loads and CD4 counts, as well as early cytotoxic T-lymphocyte responses, in 13 patients for whom samples with a 1-year treatment-free time interval were available. We found that replication capacities were weakly associated with viral load set points and rates of CD4 decline and remained largely unchanged over 1 year. There was evidence for attenuation of viruses by protective HLA alleles as well as a lack of association with viral control in a subset of individuals with protective HLA alleles, presumably due to increased transmission of associated polymorphisms in the HIV-1 subtype C sub-Saharan Africa epidemic. This suggests the importance of a balance between effective CTL responses and viral replication capacity in influencing disease progression.
MATERIALS AND METHODS
Study subjects. The study subjects included 60 antiretroviral treatment-naïve individuals in early HIV-1 subtype C infection. Thirty-two were from the HIV Pathogenesis Programme (HPP) Acute Infection Study in Durban, KwaZuluNatal, South Africa (F. Chonco et al., unpublished data), and 28 were from the Tshedimoso Study in Botswana (33) . At screening, 27 subjects from Durban had detectable HIV RNA but had not yet seroconverted (negative enzyme-linked immunosorbent assay [ELISA] and negative Western blot according to CDC criteria) and were defined as acutely infected. The date of infection was estimated to be 14 days prior to screening, as previously described (48) . A further five subjects from Durban had an incomplete Western blot at the time of screening that later became complete, and these were defined as recently infected. The date of infection was estimated for two of these subjects by Fiebig staging but was indeterminable for the other three who were screened in Fiebig stage V to VI or VI (15) . For acutely infected subjects from Botswana, the number of days postseroconversion were estimated as the midpoint between the last seronegative and the first seropositive test, while for recently infected subjects the calculation was based on Fiebig staging (32) . For comparison with the Durban subjects, the number of days postinfection were estimated for the Botswana subjects by adding 22 days to the estimated days postseroconversion since this is the estimated window period (15) . Plasma samples from the earliest time point available for use following screening of subjects (5 at Fiebig stage IV, 45 at Fiebig stage V, 7 at Fiebig stage VI, and 3 indeterminable) were the analyzed material for this study. At the available early time points, the median number of days postinfection was 55 (interquartile range [IQR], 43 to 76 days, excluding the three samples for which days postinfection were inestimable). Viral loads were obtained at regular intervals by a Roche Amplicor, version 1.5, assay or by a Cobas TaqMan HIV-1 Test for Durban subjects and a Cobas Ampli-Prep/Cobas Amplicor HIV-1 Monitor Test, version 1.5, for Botswana subjects (34) . CD4 ϩ T-lymphocyte counts were also performed regularly by flow cytometry for both Durban and Botswana participants (34) . At the available early time points, the median viral load was 5.06 log 10 copies/ml (IQR, 4.33 to 5.57 log 10 copies/ml), and the median CD4 count was 418 cells/mm 3 (IQR, 302 to 524 cells/mm 3 ). The median treatment-free follow-up time of these subjects was 365 days (IQR, 184 to 457 days), and during this time the median rate of CD4 cell decline calculated by linear regression (49) was Ϫ7 cells/mm 3 per month (IQR, Ϫ13 to 1 cells/mm 3 per month), and the viral load set point (average viral load from 3 to 12 months postinfection) median was 4.69 log 10 copies/ml (IQR, 4.11 to 5.15 log 10 copies/ ml). Only one subject strictly met criteria for definition of a viremic controller (viral load less than 2,000 copies/ml without treatment for at least three measurements over a 1-year period). HLA class I typing was performed using sequence-based methods (22) . Cohort characteristics, including demographic data, are presented in Table 1 . Viral loads and CD4 counts did not differ significantly by gender or age, as previously reported (43, 45) , and were therefore not controlled for in analyses. Written informed consent was obtained from all study subjects, and the study protocol was approved by the Biomedical Research Ethics Committee of the University of KwaZulu-Natal as well as the Institutional Review Boards of Botswana and the Harvard School of Public Health. Generation of Gag-protease NL4-3 recombinant viruses and replication assays. Gag-protease-expressing recombinant viruses were generated from the 60 subjects from the earliest time point available following screening according to published protocols (28, 49) . For 13 of the Durban subjects, for whom plasma was available, NL4-3 recombinant viruses expressing Gag-protease (Gag-protease NL4-3) were additionally generated and assayed a median of 1 year (IQR, 0.92 to 1.13 years) later. Briefly, Gag-protease was amplified by nested reverse transcription-PCR (RT-PCR) from extracted plasma HIV RNA. Primers complementary to the Gag-protease-deleted pNL4-3 plasmid were used for Gagprotease amplification, and recombinant viruses were generated by electroporation of an HIV-inducible green fluorescent protein (GFP) reporter T-cell line (5) with the PCR product and pNL4-3 backbone. GFP reporter cells were infected at a multiplicity of infection (MOI) of 0.003, as determined by flow cytometry on a FACSCalibur (BD Biosciences, San Jose). The slope of exponential growth from days 3 to 6, expressed as a natural logarithmic value, was the measure of replication capacity used. Assays were performed at least in duplicate, and replication capacities were divided by the slope of growth of the wild-type NL4-3 control included in every assay; i.e., replication capacities were normalized relative to NL4-3. Sequencing. Population (bulk) sequencing of Gag-protease PCR amplicons was performed as previously described (49) . Sequences were analyzed on an ABI 3130xl Genetic Analyzer (Applied Biosystems) and were edited in Sequencher, version 4.8. Sequence data were aligned to HIV-1 subtype B reference strain HXB2 (GenBank accession number K03455) using a modified NAP algorithm (19) , and insertions with respect to HXB2 were stripped out. HIV-1 subtyping was performed using the REGA subtyping tool (http://dbpartners.stanford.edu /RegaSubtyping/), and all analyzed sequences corresponded to HIV-1 subtype C.
CD8 T-cell responses to HIV-1 Gag optimal epitopes. CD8 T-cell responses to Gag optimal epitopes were measured by gamma interferon (IFN-␥) enzymelinked immunospot (ELISPOT) assay using frozen peripheral blood mononuclear cell (PBMC) samples, as previously described (47) . The peptide sequences of optimal CD8 T-cell epitopes restricted by each patient's HLA class I alleles were tested for 13 recently infected patients (for whom replication capacity was measured longitudinally) at the earliest available time points and a median of 6.1 weeks (IQR, 5.9 to 7 weeks) later. A response was defined as positive if it was greater than 100 spot forming cells (SFCs)/10 6 PBMCs after subtraction of the negative-control value plus 3 standard deviations (SD).
Data analysis. The relationship between replication capacity, viral load set point, and rate of CD4 decline was assessed by Pearson's correlation where variables were both normally distributed and by Spearman's correlation where either variable was not normally distributed. Replication capacities were also compared above and below the median viral load set point and median rate of CD4 decline, as well as in the absence versus presence of each HLA allele expressed by study subjects, by a Student's t test or a Mann-Whitney U test if assumptions of the Student's t test were violated. Pearson's or Spearman's correlation was also used to assess the relationship between the number of HLAassociated polymorphisms in Gag and replication capacity or viral load set point. Where the HLA-associated polymorphism variable was binary (i.e., one polymorphism or none), a Student's t test or Mann-Whitney U test was used for analysis. As an exploratory analysis, the associations between single amino acid residues in Gag-protease and replication capacity were assessed by Mann-Whitney U Tests, and q values were calculated to address multiple tests (44) . A paired t test was used to compare replication capacities between different time points for the same patients. The significance cutoff was a P value of Ͻ0.05 in all cases.
Nucleotide sequence accession numbers. Gag-protease sequences obtained in this study are available in the GenBank database under accession numbers HQ696791 to HQ696863. Single-genome Gag sequences were previously obtained for the Botswana subjects (33) and are available in GenBank under accession numbers GQ275380 to GQ277569, GQ375107 to GQ375128, and GQ870874 to GQ871183.
RESULTS

Replication capacities of Gag-protease NL4-3 recombinant viruses.
To assess the impact of HIV-1 Gag-protease function on disease progression, recombinant viruses encoding Gagprotease from patients in early HIV-1 subtype C infection were constructed, and the replication capacities of these were measured. Previously, Gag-protease recombinant viruses generated by this method were representative of the original plasma quasispecies (3, 28, 49) . Two randomly selected recombinant viruses were resequenced and were found to be identical to the plasma nucleotide sequences (data not shown). As previously described (49) , minor variations in MOIs did not influence replication capacity (Pearson's correlation, r ϭ 0.07 and P ϭ 0.57), and duplicate measurements were highly concordant (Pearson's correlation, r ϭ 0.9 and P Ͻ 0.0001) (data not shown). Replication capacities of recombinant viruses encoding Gag-protease from patients in early infection were normally distributed (Fig. 1) . The mean replication capacity expressed relative to wild-type NL4-3 was 0.63 (SD of 0.12) and ranged from 0.32 to 0.97, which is comparable to replication capacities of recombinant viruses encoding Gag-protease from chronically infected patients (49) and also did not differ significantly from replication capacities of viruses constructed from approximately 1-year-later time points for 13 of the recently infected patients (Student's t test, P ϭ 0.75) (data not shown).
Relationship between replication capacity of Gag-protease NL4-3 recombinant viruses and markers of disease progression. Viral load set point and rate of CD4 decline are significant markers of HIV-1 disease progression (23) . Peak viremia occurs in Fiebig stage III, and then there is a decline toward a steady state, which is established during Fiebig stage V or VI (15) . The average viral load between 3 and 12 months postinfection was the measure of viral load set point used in this study and could be calculated for 56 of 60 (93%) study subjects. No significant correlation between the viral load set points and replication capacities of the Gag-protease NL4-3 recombinant viruses was observed (Pearson's correlation, r ϭ 0.12 and P ϭ 0.37) (Fig. 2A) . Since no significant correlation was observed, the replication capacities of recombinant viruses encoding Gag-protease from subjects with below-median versus abovemedian viral load set points were next compared to those constructed from subjects with an above-median viral load set point. Patients with below-median viral load set points tended to have viruses with an attenuated Gag-protease function, and this was statistically significant (Student's t test, P ϭ 0.03) (Fig. 2B) .
A rate of CD4 decline was then calculated for each subject by linear regression. Baseline CD4 count is a determinant of rate of CD4 decline, and individuals with lower baseline CD4 counts have a subsequently lower rate of CD4 decline (6) . Therefore, when analyzing the relationship between rate of CD4 decline and Gag-protease-mediated replication capacity, we considered subjects with a reasonably moderate to high CD4 count (Ͼ300 cells/mm 3 ; n ϭ 45) at baseline separately from those with already substantially low CD4 counts at baseline (Ͻ300 cells/mm 3 ; n ϭ 15). At higher CD4 counts there was a weak negative trend of association between rates of CD4 decline and replication capacities; i.e., at higher replication capacities the rate of CD4 decline was increasingly negative or faster. However, this trend was not statistically significant (Spearman's correlation, r ϭ Ϫ0.25 and P ϭ 0.09) (Fig. 2C) . The same trend was not shown for subjects with low baseline CD4 counts, which could be due to limited sample size (n ϭ 15) in this CD4 stratum (Pearson's correlation, r ϭ Ϫ0.18 and P ϭ 0.53). When replication capacities were grouped according to the median rate of CD4 decline for subjects with a baseline CD4 count of Ͼ300 cells/mm 3 , the mean replication capacity was lower for subjects with lower rates of CD4 decline, but this was not statistically significant (Student's t test, P ϭ 0.27) (Fig. 2D) .
Relationship between replication capacity of Gag-protease NL4-3 recombinant viruses and HLA alleles. Previous studies have reported few sequence changes in Gag in at least the first 6 months of infection (11, 17) . However, for HLA-B*57-positive individuals, associated escape in Gag has been reported as early as 45 days following screening in acute infection (18) although the median reported time in another study was 13 months (11). Although we expected Gag-protease recombinant viruses to be largely representative of transmitted viruses, the possibility of some early selection, particularly by protective alleles, could not be excluded. Therefore, we analyzed the relationship between replication capacities and HLA alleles expressed by the host. No statistically significant associations were found when replication capacities were grouped according to host HLA alleles and compared in the presence versus absence of each individual allele (Fig. 3A, B , and C). However, there was a trend toward lower replication capacities of recombinant viruses encoding Gag-protease from patients with previously described protective HLA alleles in an HIV-1 subtype C setting (22, 46) (n ϭ 10), namely, B*57, B*5801, and B*81 (Student's t test, P ϭ 0.08) (Fig. 3D) , suggestive of some early selection pressure. HLA-B*5801 (n ϭ 3) and HLA-B*81 (n ϭ 5) were individually linked to lower replication capacities although not significantly so (Mann-Whitney U test, P ϭ 0.18; Student's t test, P ϭ 0.11) but the same tendency did not apply to HLA-B*57. HLA-B*57 is known to select mutations in Gag that decrease replication capacity (4, 11, 26) . However, the Gag-proteases isolated from the two subjects that possessed HLA-B*57 had wild-type ISW9, TW10, and KF11 epitope (restricted by HLA-B*57) sequences, which could explain the observed lack of effect on replication capacity.
For the patients analyzed here, viral load set points did not differ significantly between individuals with and without protective HLA alleles (4.4 versus 4.61 log 10 copies/ml; Student's t test, P ϭ 0.46). Here, a study limitation should be noted: 12 patients were excluded from this study due to Gag-protease amplification failure (likely as a consequence of limited available plasma); of these 7 had protective HLA alleles, and the median viral load set point of excluded patients was significantly lower than the values for patients included in the study (3 versus 4.69 log 10 copies/ml; Student's t test, P Ͻ 0.0001).
Relationship between replication capacities of Gag-protease NL4-3 recombinant viruses, polymorphisms in Gag-protease, and viral load set points.(i) Single amino acid associations with replication capacity. In an exploratory analysis, a MannWhitney U test was used to identify specific codons in Gagprotease at which amino acid variants (occurring at a frequency of n Ն5) were associated with increased or decreased replication capacity. Eighteen codons in Gag and two codons in protease with a P value of Ͻ0.05 were identified; however, calculated q values were Ͼ0.2 in all cases (Table 2) .
(ii) HLA-associated polymorphisms in Gag and replication capacity. Eight of the associations identified above (all in Gag) corresponded to HLA-associated codons (28H, 90K, 163G, 223I, 242N, 256V, 374T, and 377L) and a further four, although not HLA associated, were situated in Gag epitopes (15T, 82I, 95R, and 248T) ( Table 2) . Limiting the analysis to HLA-associated positions only (as defined in reference 49), one association achieved statistical significance at a q of Ͻ0.2; namely, 377L was significantly associated with lower replication capacities (Mann-Whitney U Test, P ϭ 0.001 and q ϭ 0.06). This polymorphism was negatively associated with HLA-B*5802 in chronic subtype C infection; it did not occur in any of the 68 HLA-B*5802-positive individuals but was present in 32 out of 316 HLA-B*5802-negative individuals (49) . The selection or maintenance of the consensus 377M by HLA-B*5802, which is associated with higher replication capacities, could possibly be one of the contributing factors to the detrimental effect of this HLA allele in HIV-1-infected individuals (22, 31) .
Consistent with previous reports (4, 11, 26) , 242N and 163G were associated with lower replication capacities in the present study (Table 2) . Protective alleles HLA-B*5801 and HLA-B*57 select 242N, and HLA-B*5703 selects 163G. Interestingly, only 2 of the 18 individuals that had a virus with 242X (17 with 242N and 1 with 242S) were HLA-B*5801 positive, and none of the 8 with 163G were HLA-B*5703 positive, indicating that these mutations were transmitted to, rather than selected in, the study subjects in nearly all cases. Consistent with previous reports (3), 242X-expressing viruses harboring two or more 242X-associated compensatory mutations-219Q, 223V, 228I, and 248T (4)-displayed higher replication capacities (0.67, n ϭ 3) than those with one or fewer (0.55; n ϭ 15; Mann-Whitney U test, P ϭ 0.04), and 248T was individually associated with higher replication capacities ( Table 2) .
Codons 223 and 256, which are both associated with changes in replication capacity (Table 2) , are in and within six residues of three loops in Gag p24 that interact with host cellular factors, respectively. Amino acids 223V and 256V are included in a group of eight polymorphisms that are significantly associated with polymorphisms in Gag p24 either shown or inferred to carry fitness costs, suggesting that 223V and 256V may be compensatory mutations (12) . Consistent with that hypothesis, in this early infection cohort, V instead of the consensus amino acid I (www.hiv.lanl.gov) is the most frequent residue at codon 223, and 223I is associated with decreased replication capacity (Table 2) . However, the polymorphism 256V is associated with decreased replication capacity ( Table 2) .
We next wished to investigate the relationship between the number of HLA-associated polymorphisms in Gag and replication capacity. Each sequence was analyzed firstly in the context of the patient's HLA alleles (the absolute number as well as the proportion of polymorphisms associated with host al- leles was computed) and secondly irrespective of the host HLA profile. The overall number of HLA-associated polymorphisms in Gag did not correlate with replication capacity (data not shown). However, when limited to HLA-associated polymorphisms occurring in or within five amino acids of optimal epitopes (more likely to represent escape mutations [17] ), there was a significant inverse correlation between the total proportion of host-specific HLA-A, -B, and -C polymorphisms and replication capacity (Spearman's correlation, r ϭ Ϫ0.32
and P ϭ 0.04) (Fig. 4A) , which appeared to be driven mainly by HLA-B-associated polymorphisms (data not shown). Similarly, when all polymorphisms were included irrespective of host HLA profile, there was also a trend toward lower replication capacities with an increasing absolute number of HLA-B-associated Gag polymorphisms in or adjacent to epitopes (Spearman's correlation, r ϭ Ϫ0.25 and P ϭ 0.06; one extreme outlier removed) (data not shown). In summary, overall there was a negative relationship between the number of Gag polymorphisms and viral replication capacity.
(iii) HLA-associated polymorphisms in Gag and viral load set point. We next tested whether there was a correlation between Gag polymorphisms and viral load set point, as has been previously described (17) . Unexpectedly, the proportion of total host-specific HLA-B-associated polymorphisms and presence of host-specific protective HLA-associated polymorphisms were both positively associated with viral load set point (Spearman's correlation, r ϭ 0.33 and P ϭ 0.01; Mann-Whitney U test, P ϭ 0.03) (Fig. 4B and C) . Similar results were calculated for absolute numbers of host-specific HLA-B-associated polymorphisms. Thus, the presence of Gag polymorphisms that could be selected by host alleles was generally associated with higher viral load set points.
Since Goepfert et al. (17) showed that the negative association between the number of HLA-B-associated polymorphisms in transmitted viruses and viral load set point in recipients was stronger when host-specific HLA-associated polymorphisms were excluded, the analysis was repeated the same way here using the same published list of polymorphisms. This analysis showed no significant relationship between transmitted HLA-B-associated polymorphisms and viral load set points (Pearson's correlation, r ϭ Ϫ0.1 and P ϭ 0.43) (data not shown) in contrast to positive significant relationships observed in earlier analyses. Also of interest, 5 of 12 subjects for whom Gag-protease amplification failed here and who had very low viral load set points overall had viruses that harbored protective HLA-associated polymorphisms that they could not have selected based on their HLA profiles; and only one of the seven with protective HLA alleles had an associated polymorphism. (Note that extraction and sequencing were performed on these subjects previously [33] .) These data are not inconsistent with a benefit to inheriting Gag polymorphisms that could not be selected by host HLA alleles.
(iv) Drug resistance polymorphisms in protease and replication capacity. Transmitted drug resistance mutations in protease have previously been associated with reduced viral replication capacity (29) . Sequences were therefore examined for protease inhibitor resistance mutations listed on the Stanford HIV Drug Resistance Database (http://hivdb.stanford.edu /pages/algs/sierra_sequence.html). Only nine patients harbored protease inhibitor resistance mutations, all of which were minor (T74S in eight cases and T74S and L10V in one case) and were not associated with differences in replication capacity (Student's t test, P ϭ 0.3) (data not shown).
Longitudinal analyses of replication capacities, CD8 T-cell responses, and clinical parameters. For 13 recently infected subjects, Gag-protease NL4-3 recombinant viruses were additionally generated and assayed from time points approximately 1 year later than the first available time points following screening. Overall, paired replication capacity measurements FIG. 4 . Associations between HLA-associated polymorphisms in patient-derived Gag, replication capacities of recombinant viruses encoding patient Gag-protease, and viral load set points. (A) A significant negative correlation between the proportion of host-specific HLA-associated polymorphisms in or adjacent to Gag epitopes and the replication capacities of recombinant viruses encoding Gag-protease. (B) A significant positive correlation between the proportion of hostspecific HLA-B-associated polymorphisms present in Gag and viral load set point. (C) Significantly higher viral load set points in patients with protective HLA alleles that have a polymorphism associated with those alleles in Gag (n ϭ 5) versus those that do not (n ϭ 4; MannWhitney U test).
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were not found to be significantly different from one another (paired t test, P ϭ 0.77). In some samples where the replication capacity changed more than 0.1, sequence changes in the Gag protein could partly explain the alteration. For example, in patient AS2-0945 (HLA-B*5703 positive) fitness-reducing mutations 242X (mixture of T, S, and N at this residue) and 146P were selected by 1 year later, with a substantial decrease in replication capacity. Also, in patient AS2-0802 a CTL response to the B*08-restricted epitope EV9 was present at the early time point, and the mutation 75I had developed in this epitope 1 year later. The mutation 75I was previously significantly associated with higher replication capacities (49), and accordingly viral replication capacity increased for this patient. Viral replication capacities and CTL responses to Gag epitopes were next related to clinical information. Of interest, in patient AS2-0341, replication capacity remained low, but viral load set point and viral load at the later time point were high (4.89 log 10 copies/ml and 5.44 log 10 copies/ml, respectively). This patient made no detectable CTL responses to Gag epitopes. In contrast, replication capacity remained low in AS2-0174, but this patient mounted CTL responses to nine Gag epitopes, and viral load remained below 3.15 log 10 copies/ml from 8 months postinfection onwards (i.e., patient AS2-0174 was a controller). In patient AS2-0945, in whom viral load set point was low (3.46 log 10 copies/ml), a detectable CTL response was made to a key epitope in Gag (TW10), and mutations were selected that decreased replication capacity. However, it should be noted that there was a rise in viremia in this patient coinciding with selection of these mutations. In patients AS2-0358 and AS2-1037, although CTL responses were made to Gag epitopes, viremia was not well controlled, and Gag-protease-mediated replication capacities were also high in these patients.
The viral replication capacities, together with CD8 T-cell responses to Gag epitopes, clinical parameters, and patient HLA types, are presented in Table 3 .
DISCUSSION
Recent studies suggest that immune and/or drug-selected mutations in HIV-1 Gag-protease reduce viral fitness, thereby conferring an advantage to recipients of such a virus (10, 17, 29, 36, 40) . We thus investigated the relationship between Gag-protease-mediated replication capacity and disease progression in subjects in early HIV-1 subtype C infection who were from southern Africa.
We found a weak association between reduced Gag-protease function in early infection and lower viral load set points as well as lower rates of CD4 decline. This relationship was considerably weaker than in a previous study (29) comparing controllers and noncontrollers infected with HIV-1 subtype B. The difference could possibly be partly explained by the lack of VOL. 85, 2011 HIV-1 Gag-PROTEASE FITNESS AND DISEASE PROGRESSIONextreme phenotypes at the lower end of the spectrum in the present study. Although we previously demonstrated significant correlations between Gag-protease function, viral loads, and CD4 counts in chronic infection (3, 49) , cause and effect could not be confidently determined due to the cross-sectional nature of that analysis. An association between Gag-proteasemediated replication capacity and rate of CD4 decline was not evident in chronic infection (49) , but a trend was observed in early infection in the present study. This might suggest that initial replication capacity in early infection has more farreaching effects than that measured in chronic infection. Gag-protease recombinant viruses derived from individuals with protective HLA alleles tended to have reduced replication capacities, as was shown previously in acute or early HIV-1 subtype B infection (3), suggestive of some early selection of fitness-reducing mutations in these hosts. In that study (3) the least fit viruses derived from HLA-B*57/5801-positive individuals had more Gag p24 mutations associated with these alleles and were sampled later postinfection than the fitter viruses. Considering the entire present study cohort, those viruses with the protective HLA-associated mutations 242N and 163G (largely selected in previous hosts) had significantly lower replication capacities, further indicating that protective HLA alleles select for attenuated viruses.
However, in contrast to that previous study (3), viral loads were not significantly lower in individuals with protective HLA alleles, and therefore a benefit to reduced Gag-protease function in these particular individuals was not overall evident. In fact, in individuals with protective HLA alleles, viral load set points were overall significantly higher in those who had viruses with associated Gag mutations than in those who did not. Conversely, in six of the seven subjects with protective HLA alleles for whom Gag-protease amplification failed here (but were sequenced previously [33] ), there were no Gag mutations associated with the hosts' protective HLA alleles, and the viral load set points were considerably low. It could be that in several cases here, the protective HLA-associated polymorphisms were inherited rather than selected by the hosts' protective alleles, thereby resulting in weakened early CTL responses to key epitopes and a disadvantage to the host, as has been suggested previously (11, 17) . There is also the possibility that selection of protective HLA-associated polymorphisms in early infection is disadvantageous due to a subsequent reduction in CTL responses. Supporting the former hypothesis, 23 out of 50 individuals with nonprotective HLA alleles harbored mutations associated exclusively with protective HLA alleles, indicating high-level transmission of these polymorphisms in sub-Saharan Africa. A notable example is the case of 242N which was present in 17 viruses, out of which 15 were derived from individuals without the associated protective HLA-B*57/ 5801. Further, in one patient with HLA-B*5801 and a high viral load set point (5.46 log 10 copies/ml), at 26 days postinfection two associated mutations were present (146L and 242N), at which point none of the viruses in other studies had shown evidence of adaptation in Gag (3, 18) . It is also notable that in a patient with HLA-B*81 and a high viral load set point (4.92 log 10 copies/ml), the mutation 186S in the TL9 epitope was present; however, there was no detectable initial CTL response to this epitope (data not shown), suggesting that it may have been inherited rather than selected. Yet in another patient (AS2-0945) with HLA-B*5703 and a low viral load set point (3.46 log 10 copies/ml), all HLA-B*57-restricted epitopes were initially wild type, and 1 year later mutations 146P and 242N had been selected with a concomitant decrease in fitness although there was also a coincident rise in viremia. A similar rise in viremia following selection of 242N was recently reported in a single patient (33) ; however, decreased viremia following early selection of the HLA-B*57-associated mutations 242N and 147L has been reported in several patients (11) . Taken together, these data imply that the benefit in an individual with a protective allele is derived from an initial effective CTL response and that the subsequent selection of fitness-reducing Gag mutations is likely to, but may not necessarily, contribute to clinical benefit. Further, results suggest that the CTL-driven benefit appears diminished or even lost when protective HLA-associated polymorphisms in Gag are inherited by individuals with the relevant protective alleles, despite reduced viral replication capacity.
The high transmission prevalence of protective HLA-associated polymorphisms in the populations studied supports recent evidence that mutations selected by protective alleles may be accumulating over time (21) . This may be particularly evident in the present cohort since HIV infection is most prevalent in sub-Saharan Africa (http://www.who.int/hiv). In KwaZulu-Natal there is an explosive rate of infections in young adults, probably fuelled by the high viral loads in acute infection (1), and consequently transmission may often occur early in infection before such mutations revert. The median reversion time reported for HLA-B*57-associated Gag mutations in HLA-mismatched recipients was 23 months (11), and for 242N most reversions occurred between 6 and 24 months (10). The consequence of this is, first, that HIV-1 is being attenuated over time and, second, that the association of current alleles with slower disease progression may eventually diminish (21) .
The number of HLA-associated polymorphisms (mainly attributed to HLA-B) in or adjacent to Gag epitopes was inversely associated with replication capacity; however, as was the case for host-specific protective HLA-associated polymorphisms, unexpectedly the presence of host-specific HLA-Bassociated polymorphisms was positively associated with viral load set point. One contributing factor could be the presence of compensatory mutations as no relationship with viral load set point was observed when the analysis was limited to polymorphisms in or adjacent to epitopes. Further, although the host expressed the alleles to select these polymorphisms, it is unlikely that many were selected by the host at such an early stage of infection and that they were largely inherited. Usually, in the Gag protein, the fastest selection occurs in epitopes restricted by the protective HLA-B*57/5801 within about 6 months of infection (7, 18) (but on average at 13 months postinfection according to another study [11] ), and reversion events rather than selection of new mutations in Gag predominate in early infection (11, 14) . Further, Schaefer et al. showed that in linked transmission pairs most of the HLA-associated polymorphisms present at 1 year after infection were transmitted and not selected by the host (39) , and it is estimated that approximately 18% of the possible mutations in Gag are present in transmitted viruses on average (20) . Therefore, again these results suggest a host disadvantage to inheriting polymorphisms which the host could have selected, likely due to diminished CTL responses to mutated epitopes, as supported by other studies (11, 17) .
Longitudinal measurements of replication capacities and CTL responses to Gag epitopes also support the importance of both CTL responses and viral replication capacity in influencing disease progression. For example, in one patient viral replication capacity was low, but there was a lack of CTL Gag responses and uncontrolled viremia. In others, CTL Gag responses were present, but viral replication capacities were high, and viremia was uncontrolled. Two patients who had low viral load set points showed low replication capacities and either CTL responses to key epitopes (such as TW10) or a very broad Gag response, which has previously been suggested to be beneficial (38) . It should be noted that likely explanations for viral load set point based on CTL responses or viral replication capacity could not be made for all patients. Other HIV genes, such as envelope (2), protease, and reverse transcriptase (8) , significantly contribute to overall viral replication capacity and may help to explain differences in viral control (24) . Indeed, envelope ranks among the most important determinants of viral fitness (2, 25) , and several studies provide evidence for overall HIV fitness as a significant determinant of disease progression (8, 37) .
Some limitations of the methods used in present study should be noted. First, recombinant viruses constructed were a mixture of HIV-1 subtype B and C genetic components. It is therefore possible that the fitness of recombinant viruses could be a reflection of the compatibility of the subtype C Gagprotease with the subtype B backbone. However, we previously found that the degree of similarity of subtype C Gag to subtype B did not associate with the fitness of subtype C/B recombinant viruses (49) . We also found that fitness of subtype C/B recombinants correlated with viral loads and CD4 counts (49) as did subtype B/B recombinants (3), indicating that, despite the mixing of subtypes, the assay was clinically relevant. Second, the possibility that viral replication capacity measurements might differ if primary cells were used cannot be excluded. For example, the fitness cost of the 242N mutation is more pronounced in primary cells than in the CEM-GXR GFP reporter T-cell line, probably due to differences in the level of cyclophilin A expression (4) . Despite these differences, the fitness cost of the 242N mutation, as well as the 163G mutation also previously shown to have a fitness cost (11), were detected in the present study, further supporting the relevance of results obtained in the current assay system. Further, although primary cells are not used in the current assay system, it has the advantages of using a homogenous population of cells and of being high throughput, and it has yielded results that correlate with clinical parameters. It should also be noted that parameters other than those measured in the present study, such as T-cell activation, are important markers of disease progression (23) , and it remains to be determined whether these additional important parameters that influence HIV-1 pathogenesis might also correlate with viral fitness.
In conclusion, results suggest that replication capacity of the early virus as determined by Gag-protease function influences disease progression in HIV-1 subtype C infection. However, the increasing transmission of polymorphisms, particularly those associated with protective HLA alleles, in the sub-Saharan Africa epidemic has highlighted the complex interplay between effective CTL responses to the Gag protein and reduced Gag function in HIV-1 control.
